The cyanobacterium Synechococcus sp. strain PCC 7942 has duplicated phycocyanin subunit gene clusters cpcBlAl and cpcB2A2, which are identical to each other and to those of Synechococcus sp. strain PCC 6301 (Anacystis nidulans). Nucleotide sequences of the 428 and 286 bases of the 5' non-coding regions of the cpcBlAl and cpcB2A2 clusters, respectively, of strain PCC 7942 were identical to those of strain PCC 6301. As in strain PCC 6301, cpcBlAl yielded two major transcripts of 1.4 and 1.3 kb and cpcB2A2 yielded a single transcript of 1.3 kb in strain PCC 7942. Thus, the structure and expression of cpcBA gene clusters in the two strains are essentially the same. Using bacterial luciferase encoded by luxAB as a reporter, cpcBlAl was shown to have two promoters corresponding to the two major transcripts. Luminescence from the Synechococcus reporter strains carrying the fusions of the cpcBA promoters to luxAB showed circadian oscillation. Similar to the promoter of psbAl encoding the Dl protein of PSH, the two cpcBlAl promoters and the cpcB2A2 promoter showed the peak of activity at the end of the subjective day and the trough at the end of the subjective night.
the phycobilisome is regulated according to the changes in light intensity, light quality, and also by availability of nitrogen, sulfur, and other nutrients (Grossman et al. 1993 ). Biochemical and molecular biological studies have helped elucidate the molecular mechanisms that regulate the structure of the phycobilisome (Grossman et al. 1993, Collier and Grossman 1994) .
The two closely related strains of Synechococcus, i.e., Synechococcus sp. strain PCC 6301 (formerly Anacystis nidulans) and Synechococcus sp. strain PCC 7942 (formerly Anacystis nidulans R2), are the best characterized among unicellular non-nitrogen fixing cyanobacteria. Of the two strains, strain PCC 6301 has been used for extensive biochemical and ultrastructural studies on the phycobilisome (Glazer 1984) and also for the cloning and characterization of the phycobilisome-related genes (Kalla et al. 1988 ; there is a duplicate pair of cpcBA gene clusters (cpcBlAl and cpcB2A2) encoding they? and a subunits of phycocyanin (Kalla et al. 1988) , the major phycobiliprotein of the organism; the two cpcBA gene clusters are separated by a 2.5-kbp segment of DNA carrying the genes (cpcHID) for other phycobilisome proteins ; cpcB and cpcA in each of the two gene clusters are cotranscribed, with a small portion of the cpcBlAl transcripts extending downstream to cpcD ; located downstream from cpcB2A2 are cpcEF genes encoding phycocyanin a-subunit phycocyanobilin lyase (Fairchild et al. 1992 , Bhalerao et al. 1994 . However, no gene manipulation studies on the phycobilisome-related genes have been performed in strain PCC 6301, because it is not readily transformable with exogenously added DNA molecules.
Synechococcus sp. strain PCC 7942 is readily transformable and is genetically very closely related to strain PCC 6301, as has been shown by restriction fragment length polymorphism (RFLP) analysis of the genomic DNA (Golden et al. 1989) . Genes obtained from strain PCC 6301 can be transferred to the genome of strain PCC 7942 by homologous recombination (Golden et al. 1989 , indicating the strong similarities of the genomes of the two strains at the nucleotide sequence level. Except for the superior transformation properties of strain PCC 7942, the two strains are essentially the same, and strain PCC 7942 is now used in place of strain PCC 6301 in most areas of research because of its amenability to gene manipulation. In the studies of phycobilisome genes, Kalla et al. (1988) reported that cpcBlAl yields two major transcripts of 1.4 and 1.3 kb and cpcB2A2 yields single transcript of 1.3 kb. In strain PCC 7942, on the other hand, L'au et al. (1989) reported that the two cpcBA transcripts are slightly larger than are reported in strain PCC 6301, being 1.65 and 1.50 kb in size. Also, Lau et al. (1989) attributed the larger and smaller cpcBA transcripts in strain PCC 7942 to cpcBlAl and cpcB2A2 gene clusters, respectively.
To clarify the conflicting results as to the expression of the cpcBA gene clusters from the two closely related strains of cyanobacteria, we reinvestigated the structure and expression of the cpcBA gene clusters from Synechococcus sp. strain PCC 7942. We show that the cpcBlAl and cpcB2A2 gene clusters and their regulatory regions are identical to those of Synechococcus sp. strain PCC 6301 in nucleotide sequence, and that cpcBlAl yields major transcripts of 1.4 and 1.3 kb as has been reported in strain PCC 6301. Examination of the transcriptional activities of the promoters of the cpcBA gene clusters, using luxAB from Vibrio harveyi as a reporter, revealed the presence of two promoters located upstream of cpcBlAl, suggesting that the 1.3-kb mRNA is not a processing product of the 1.4-kb mRNA but is a primary transcript from the cpcBlAl gene cluster. The two cpcBlAl promoters and the cpcB2A2 promoter are shown to be regulated by the circadian clock with the phase of circadian oscillation being the same as those of most other cyanobacterial genes including psbAl.
other DNA fragment carrying the regulatory region of cpcB2A2, designated PC2 (Fig. IB) , was cloned into pT7Blue T-Vector to form pPC2.
Construction and integration into Synechococcus genome of luxAB transcriptional fusions-Fusions of the cpcBlAl and cpcB2A2 regulatory sequences and a promoterless luxAB gene cluster were constructed on plasmids and transferred into a neutral site of the Synechococcus sp. strain PCC 7942 genome. The plasmid used for construction of the promoter-reporter fusions was pAM1293 (Lebedeva, N.V. and Golden, S.S., unpublished) kindly provided by Dr. Susan S. Golden (Texas A & M University). This plasmid was constructed by inserting a 2.6-kbp Smal/ Pvull fragment of pAM1040 (Strayer, C.A. and Golden, S.S., unpublished; see Liu et al. 1995) into the Smal site of pAM854 (Bustos and Golden 1991) 
Materials and Methods
Strains and growth conditions-A derivative of Synechococcus sp. strain PCC 7942 which is cured of the resident small plasmid pUH24 (R2-SPc, hereafter designated simply as strain PCC 7942) and the reporter strains derived therefrom, carrying luxAB transcriptional fusions, were routinely grown at 30°C in medium BG11 (Stanier et al. 1971 ) buffered with 20 mM HEPES-KOH (pH 8.0), under continuous illumination provided by fluorescent lamps (70//mol m~2s~'). Solid medium was prepared by addition of 1.5% Bactoagar (Difco) to the liquid medium. Spectinomycin (10//g ml" 1 ) was added to the cultures of the reporter strains. The cultures were aerated with 2% [v/v] CO 2 in air.
Cloning-A 350-bp DNA fragment carrying the 3' portion of cpcAl was amplified by PCR from Synechococcus sp. strain PCC 7942 DNA, and used to isolate clones from a library of genomic DNA of the cyanobacterium that was constructed by ligating an Xhol-Bglll digest of chromosomal DNA in pUC19. The plasmid purified from selected clones (pXB31) contained a 7.3-kbp XholBglll fragment of Synechococcus sp. strain PCC 7942 DNA carrying the cpcBlAl and cpcB2A2 gene clusters (Fig. 1A) . Three subfragments of the 7.3-kbp fragment carrying regulatory regions of cpcBIAJ, designated PC11, PC12, and PC13 ( Fig. IB) , were cloned into pUC18, pBluescriptll KS(+), and pT7Blue T-Vector (Novagen) to form pPCll, pPC12, and pPC13, respectively. An- (Kalla et al. 1988) and Synechococcus sp. strain PCC 7942 (Lau et al. 1989 ). The thick bars below the map of strain PCC 7942 indicate the regions re-sequenced in this study. The triangles above the map of strain PCC 6301 indicate the nucleotides corresponding to the 5' ends of the mRNAs from the cpcBlAl and cpcB2A2 gene clusters (Kalla et al. 1988 ).
The cpcHID genes encode phycobilisome rod linker proteins ) and the cpcEFgenes encode phycocyanin asubunit phycocyanobilin lyase (Bhalerao et al. 1994) . Restriction endonuclease sites are abbreviated as follows: B, BgHl; H, Hindlll; P, Pstl; S, Sail; X, Xhol. B. Restriction maps of the 5' noncoding regions of the cpcBlAl and cpcB2A2 clusters, showing the DNA fragments (designated PC11, PC12, PC13, and PC2) used for assay of promoter activities. The triangles above the map indicate the nucleotides corresponding to the 5' ends of the mRNAs from tht-cpcBJAl and cpcB2A2 gene clusters, as determined in strain PCC 6301 by Kalla et al. (1988 spectively, and after blunting of the termini, cloned into the unique Smal site of pAM1293, located upstream of the promoterless luxAB cluster. The resulting plasmids were used to transform Synechococcus sp. strain PCC 7942 to spectinomycin resistance through homologous recombination between the flanking NSI sequence on the plasmid and the corresponding sequence on the recipient cyanobacterial chromosome, which lead to integration of the luxAB transcriptional fusions and the spectinomycin resistance gene into the neutral site on the chromosome. Isolation and analysis of DNA and RNA-Chromosomal DNA was extracted and purified from the Synechococcus cells as described by Williams (1988) . Manipulations and analyses of DNA, including PCR, were performed according to standard protocols (Sambrook et al. 1989) . Total RNA was extracted and purified from Synechococcus cells by the method of Aiba et al. (1981) . For Northern hybridization analysis of the transcripts of the cpcBlAl and cpcB2A2 gene clusters, the DNA fragments PC 13 and PC2 (Fig. IB) were excised from pPC13 and pPC2, and used as probes specific to the transcripts of the cpcBlAl and cpcB2A2 gene clusters, respectively. RNA samples (2//g each) were denatured by treatment with formamide, fractionated by electrophoresis on 1.2% agarose gels that contained formaldehyde, transferred to positively charged nylon membranes (Hybond N + ; Amersham), and hybridized with 32 P-labeled PC13 and PC2. The double-stranded DNA probes were labeled with 32 P as described by Feinberg and Vogelstein (1983) . The hybridization signals were detected by autoradiography on X-ray film or by using a Bioimage analyzer (BAS-2000, Fuji Photofilm) .
Measurements of in vivo bioluminescence-For measurements of in vivo bioluminescence from the bacterial luciferase, Synechococcus cells carrying luxAB transcriptional fusions were grown on agar plates. Bioluminescence images of the cells on agar plates were obtained with a two-dimensional luminometer equipped with a photon-counting video camera (ARGUS-50, Hamamatsu Photonics). An artificial substrate of the luciferase, n-decanal, was supplied as vapor from a detached cap of a microcentrifuge tube, placed on each of the agar plates. For measurements of circadian oscillation of the bioluminescence from the lux-AB reporter strains, cells grown on agar plates were placed in a cycle of 12 h of light and 12 h of darkness for 3 d. Cells on a patch (1 cm x 1 cm) of agar plate were then sealed into a glass vial, transferred to continuous light conditions, and bioluminescence was measured with an automated photon-counting system (Kondo et al. 1997) up to 6 d after the transfer. n-Decanal was supplied from a microcentrifuge tube enclosed in the vial.
Results and Discussion
Nucleotide sequence of the cpcBA gene clusters and their regulatory regions from Synechococcus sp. strain PCC 7942-In accordance with the close relationship of Synechococcus sp. strains PCC 6301 and PCC 7942 (Golden et al. 1989) , the restriction map of a 7.3-kbp Xho\-BgHl fragment of Synechococcus sp. strain PCC 7942 DNA carrying the cpc region is indistinguishable from that of strain PCC 6301, and the locations of the cpcBlAl and cpcB2A2 gene clusters on the 7.3-kbp DNA fragments are the same in the two strains. Lau et al. (1989) reported that the nucleotide sequences of the cpcBlAl and cpcB2A2 gene clusters are identical to each other in strain PCC 7942 as in strain PCC 6301 (Kalla et al. 1988) . The reported cpcBA sequence of strain PCC 7942 was yet significantly different from that of strain PCC 6301, resulting in several amino acid substitutions in the deduced proteins. However, they later updated the nucleotide sequence of the cpcBA cluster from strain PCC 7942 (accession nos. X04916 and M16325), according to which the coding sequences and the intercistronic sequence of cpcBA are identical to those in strain PCC 6301. As judged from its flanking sequences, the updated sequence represents the cpcB2A2 gene cluster, with the sequence of the 5' noncoding region containing 4 mismatches with that of strain PCC 6301 (X04916 vs. M94218). Sequencing of the 5' noncoding region of cpcB2A2 of strain PCC 7942 in this study, however, showed that the sequence of the 286 bases of the 5' non-coding region was identical to that in strain PCC 6301 (results not shown, see AB008547). We also sequenced the cpcBlAl gene cluster of strain PCC 7942 and showed that the cpcB and cpcA coding regions and the intercistronic sequence are identical to those of cpcB2A2 of strain PCC 7942 and cpcBlAl and cpcB2A2 of strain PCC 6301 (results not shown, see AB008546). According to Lau et al. (1989) , the sequence of the 191 bases of the 5' noncoding region of cpcBlAl from strain PCC 7942 is identical to that in strain PCC 6301 (M28842). We confirmed this, and further showed that the region farther upstream, i.e., from nucleotide -428 to -192, has a sequence identical to the corresponding region in strain PCC 6301. It has thus become clear that the cpcBlAl and cpcB2A2 gene clusters and their 5' non-coding regions of strain PCC 7942 are identical to those of strain PCC 6301 in nucleotide sequence. Kalla et al. (1988) , cpcBlAl yields two major transcripts of 1.4 and 1.3 kb and two minor transcripts of 3.7 and 3.4 kb, and cpcB2A2 yields single transcript of 1.3 kb in Synechococcus sp. strain PCC 6301. In strain PCC 7942, on the other hand, Lau et al. (1989) reported that the two major cpcBA transcripts are slightly larger than are reported in strain PCC 6301, being 1.65 and 1.50 kb in size, and assumed that the two cpcBA transcripts are derived from the cpcBlAl and cpcB2A2 gene clusters, respectively. Also, they could not detect larger cpcBA transcripts. In the present study, Northern hybridization analysis of total RNA showed that the sizes of the major cpcBA transcripts from strain PCC 7942 are 1.4 and 1.3 kb, in accordance with the observation by Kalla et al. (1988) for strain PCC 6301 (Fig. 2) . Using the gene cluster-specific probes, it was shown that cpcBlAl yields two major transcripts of 1.4 and 1.3 kb and minor transcripts of 3.7 and 3.4 kb in size, while cpcB2A2 yields a single transcript of 1.3 kb in strain PCC 7942 (Fig. 2) . Thus, the mRNA species of the cpcBA gene clusters in strain PCC 7942 are the same as those in strain PCC 6301 (Kalla et al. 1988) , which is reasonable because the nucleotide sequences of the cpcBlAl and cpcB2A2 gene clusters and their 5' non-coding regions in strain PCC 7942 are identical to those in strain PCC 6301 as shown above.
Northern hybridization analysis-According to
Promoters of the cpcBA gene clusters-In strain PCC 6301, Kalla et al. (1988 Kalla et al. ( , 1993 determined the 5' ends of the two cpcBlAl mRNA species to be nucleotides -252 and -104 with respect to the translation start site, and supposed that the smaller transcript resulted from processing of the larger one, on the basis of the kinetics of the disappearance of the two transcripts after inhibition of transcription by rifampicin. To determine whether or not this latter assumption is true, three fragments of the cpcBlAl 5'noncoding region (PC11, PC12, and PC13; Fig. IB ) were fused to promoterless luxAB and their promoter activities were assayed in cells of strain PCC 7942 by measuring luminescence from the bacterial luciferase encoded by luxAB (Fig. 3) . While no luminescence was detected from the Synechococcus cells carrying promoterless luxAB, the cells carrying the fusions of PC11, PC12, and PC13 to the lux-AB reporter emitted significant luminescence. Since the 5' end of the 1.4-kb mRNA corresponds to nucleotide -252 with respect to the translation start site, the promoter responsible for this mRNA species is deduced to be located upstream of nucleotide -255 (designated Pla). The promoter activity of PC13, carrying nucleotides -259 to -10 with respect to the translation start site, therefore indicated the presence of another promoter (designated Plb) between the nucleotides -259 and -104, and suggests that the 1.3-kb mRNA species of cpcBlAl is a primary tran- (Kondo et al. 1997). script from this promoter. The promoter of the cpcB2A2 gene cluster (designated P2) also promoted emission of luminescence from the cells when fused to promoterless lux-AB (Fig. 3) . The luxAB transcriptional fusions could therefore be used to monitor the activities of the promoters of the cpcBA gene clusters. Figure 4 shows the time course of the luminescence from the cells carrying the luxAB transcriptional fusions after transfer from a light (12 h)-dark (12 h) cycle to continuous light conditions. Under continuous light conditions, the luminescence oscillated with a period of 24 h, indicating that activities of the cpcBA promoters are regulated by the circadian clock, as are other promoters of the cyanobacterium (Liu et al. 1995) . The peak of luminescence occurred 12 h after the transfer and then at 24-h intervals (i.e., at the end of the subjective day) and the trough of luminescence occurred 24 h after the transfer and then at 24-h intervals (i.e., at the end of the subjective night). The phase relationship of circadian rhythm of the cpcBA promoters is thus the same as that of psbAl, falling into the category of Class I (Liu et al. 1995) . Figure 5 compares the promoter regions of cpcBA gene clusters from several strains of cyanobacteria. The hexamer sequence TTGTAT, which was proposed by Kalla et al. (1988) to be the -10 promoter element of cyanobacteria, was absent in Plb and P2 of the strains PCC 6301 and PCC 7942. Search for a set of hexamer sequences that are similar to the consensus sequences of a 10 promoters of E.coli (TTGACA and TATAAT for the -3 5 and -1 0 regions, respectively), performed according to the method of Mulligan et al. (1984) , showed that the sequence AAGAAT is likely to be the -10 promoter element in Pla and Plb (Fig. 5) . The corresponding sequence in the cpcB2A2 promoter P2, AAAAAT, is also likely to represent the -10 element, although no clearly discernible -35 element was found. The search for the -35 and -10 promoter elements in other strains also suggested various hexamer sequences other than TTGTAT as the -10 elements (Fig. 5) . Thus the TTGTAT sequence is not likely to be the (Pilot and Fox 1984) , Synechocystis sp. strain PCC 6701 (Anderson and Grossman 1990) , Calothrix sp. strain PCC 7601 (Conley et al. 1988) , Anabaena sp. strain PCC 7120 (Belknap and Haselkorn 1987) , and Synechococcus sp. strains PCC 6301/PCC 7942 (Kalla et al. 1988 , Lau et al. 1989 . Asterisks indicate aligned and identical bases between the adjacent sequences. The rightward most base of each sequence is the transcription initiation site, whose position with respect to the translation start site of cpcB is indicated by the number to the right. The -35 and -10 promoter elements predicted by the method of Mulligan et al. (1984) are overlined and underlined, respectively. The sequence TTGTAT, which was proposed by Kalla et al. (1988) to be the -10 hexamer sequence, is overlined with a dotted line. The sequence GTATAA, which is conserved in the promoters other than Plb and P2 are boxed. The cpcB2A2 promoter of strain PCC 7601, which is regulated by light quality (Conley et al. 1988) , was not included in the alignment.
-10 promoter element, although it is present in some of the cpcBA promoter regions (Fig. 5) . The alignment in Fig. 5 also revealed that a hexamer sequence GTATAA, rather than TTGTAT, is conserved in most of the cpcBA promoters. The GTATAA sequence was not found in the other known promoters of cyanobacteria (Curtis and Martin 1994) and hence may be involved in regulation of the cpcBA genes. Similarity in nucleotide sequence among the cpcBA promoters was found also in the region upstream of the -35 promoter elements (Fig. 5) . The significance of these similarities is to be elucidated by site-specific modifications of the promoter sequences in future studies.
Concluding remarks-While regulation of phycocyanin expression at the post-transcriptional (Kalla et al. 1993 ) and post-translational (Collier and Grossman 1994) steps has been studied in detail in the Synechococcus strains PCC 6301 and PCC 7942, respectively, no detailed studies on transcriptional regulation of the phycocyanin gene clusters have been conducted in these two closely-related cyanobacterial strains. This is due firstly to the lack of the knowledge about the promoters of the cpcBA gene clusters and secondly to the conflicts between the reported nucleotide sequences and the transcript sizes of the cpcBA gene clusters from the two strains. The present results, showing the identity of the nucleotide sequences and the transcript sizes of the corresponding cpcBA gene clusters from the two strains and the presence of the two promoters for cpcBlAl in strain PCC 7942, would provide the basis of the molecular studies on phycocyanin promoter regulation, using strain PCC 7942 as the representative of the two Synechococcus strains.
